Abstract: This paper proposes a hybrid Lagrangian relaxation (LR)-secant method-invasive weed optimisation (IWO) for solving profit-based unit commitment (PBUC) problem. The PBUC problem is one of the important optimisation problems in deregulation. The objective of generation companies (GENCOs) in deregulated environment is to schedule the generating units for maximising the profit. Three stages are involved in the suggested method. The unit commitment problem is solved by Lagrangian relaxation (LR) for a given forecasted power demand, reserve and electricity price by incorporating various constraints, then optimal output powers for committed units are determined by secant method and finally IWO is applied to update the Lagrangian multipliers based on the duality gap between the primal cost and duality cost. It has been tested for various test cases such as 3 units, 10 units and 20 units system to prove the applicability of the proposed method. Simulation results have been compared with existing methods available in the literature. A comparison of the simulation results of the recommended method with the results of previous published methods shows that this method provides a qualitative solution.
Introduction
In the operation of power systems, unit commitment (UC) is one of the main tasks. The UC aims at minimising the fuel cost of the generating units to meet the hourly power demand, while satisfying various equality and inequality constraints (Sen and Kothari, 1998; Chandram et al., 2011) . Operational aspects in the traditional power system have been changed enormously due to the promotion of deregulation in power systems. In deregulated operation of power system, the objective differs from the traditional operation of power systems. The generation companies (GENCOs) aspires to schedule the generating units for maximising the profit of the utilities. Hence, the UC problem in the deregulated environment is called profit-based unit commitment (PBUC). This problem is solved as per the forecasted price and power demand in deregulated market. The PBUC is a large scale combinatorial problem involving several binary variables. While committing the units, it is not vital to satisfy the hourly power demand and hence the PBUC evaluates how much power and reserve should be offered in the market to get maximum profit. The ON/OFF status of the generators is dictated by the market price.
Conventional, bio-inspired algorithms and hybrid methods were proposed in the past to solve UC problem (Yamin, 2004) . In Richter and Sheble (2000) , genetic algorithm was used for solving PBUC. Lagrange relaxation-evolutionary programming (LR-EP) has been proposed in Attaviriyanupap et al. (2003) for PBUC. Mathematical formulations for reserve payment are provided. This paper also discusses the information the amount of power about the amount of power and reserve required to be sold in energy and reserve markets in order to maximise GENCOs profit is presented (Attaviriyanupap et al., 2003) . LR is used for UC and EP is used to update the Lagrange multipliers. Dynamic programming is introduced in Pokharel et al. (2004) to solve the PBUC. Particle swarm optimisation (PSO) with different improvements has been used in Xiaohui et al. (2005) and Sriyanyong (2010) . Sequential evolutionary programming approach has been used for PBUC in Contreras-Hernandez and Cedenfo-Maldonado (2006) , which is suitable for most of the power system market rules. LR combined with ant colony search algorithm has been used for PBUC in Bavafa et al. (2008) . LR and genetic algorithm (GA) hybrid algorithm has been employed for PBUC in Lakshmi and Vasantharathna (2009) . In this, forward dynamic programming is used to solve dual optimisation problem and GA is used to update the Lagrange multipliers. Other methods such as LR-PSO , IPPD-Muller (Chandram et al., 2011) , LR-firefly and LRGA (Logenthiran and Srinivasan, 2011) have been used for PBUC problem. Nodal ant colony optimisation is applied in Columbus et al. (2012) by considering emission, minimum up and down time, unit ramp, unit fuel constraints. Parallel PSO in a distributed cluster has been used in Columbus and Simon (2011) to perform the parallel operations in a distributed environment for getting PBUC solution. Bisanovic et al. (2012) presented a PBUC problem formulation using mixed integer linear programming, which considers bilateral contracts and day ahead market. A hybrid model using LR and PSO to solve PBUC is introduced in Nahomi and Yuvaraju (2012) . Vassoghi et al. (2012) proposed hybrid LR and ant colony search algorithm to solve PBUC. GM Casolino et al. (2012) focused on influence of some design choices on the PBUC of gas-steam combined cycled generating units with uncertainty in prices. Columbus and Simon (2013) used parallel nodal ant colony optimisation approach. The ED sub problem is carried out using parallel artificial bee colony. The shuffled frog leaping algorithm (Selvakumar et al., 2012; Venkatesan and Sanavullah, 2013) has been used for solving PBUC problem.
It is observed from the literature survey that majority of the heuristic methods such as genetic algorithm, evolutionary programming, PSO have been used to update the Lagrangian multipliers. But, still there is a need to improve the quality of solution. Recently, the invasive weed optimisation (IWO) has been applied in various fields (Das et al., 2011; Nayak et al., 2011) . Therefore, IWO is used in this paper to update the Lagrangian multipliers. The rest of the paper is organised as follows: description of the PBUC problem is given in Section 2; solution methodology is explained in Section 3; implementation of the algorithm is provided in Section 4; case studies are given in Section 5; useful conclusions of the paper are stated in the last section.
Profit-based unit commitment
In deregulation, generating companies schedule generators to maximise their profit. Hence, the objective function of PBUC is to schedule the generating units to get maximum profit. Powers and reserves of the generating units play an important role. Forecasted price for power and reserve is known in the power market while solving the PBUC problem. In deregulation, GENCOs sell power in energy market and reserve in ancillary market. Selling of power and reserve depend on reserve payment.
The profit of generating utilities is given as follows.
Profit Revenue cost Total fuel cost = −
Revenue cost is sum of product of forecasted price and powers of committed units.
The objective function is given by
where revenue cost
and total fuel cost ( ) ( )
where ( )
Constraints
Various constraints considered in this work are:
Power demand constraint
Here, power demand and reserve constraints are different from traditional UC problem because GENCO can produce power and reserve less than the forecasted power demand and reserve if it yields more profit. It is the responsibility of independent system operator (ISO) to fulfil the power and reserve balance. It makes the change in the solution strategy of PBUC problem.
Power and reserve limits
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Minimum up and down time constraints
Minimum up and minimum down time constraints are incorporated in the UC by the following relations.
, ,
Solution methodology
In deregulation, the objective of GENCO is to maximise their profit rather than meeting the power demand. The profit of the GENCO depends on the forecasted price and reserve price. This paper proposes a hybrid method combined by LR -secant method -IWO for solving PBUC. Among the various techniques, payment for power delivered is considered in this paper. Description of individual technique is given as follows:
LR method
Lagrangian function for PBUC problem including reserve is formulated and given in equation (9) . The formulated equations have been taken from Attaviriyanupap et al. (2003) and given for understanding the LR method for UC problem. The Lagrange function is modelled for the given objective function and the set of constraints considered are:
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Power and reserve are calculated as follows.
where
.
Secant method
Secant method (Atkinson, 1978) is one of the efficient algorithms for solving nonlinear equations. In this method, the function is assumed to be approximately linear in the local region of interest and the next improvement in the root is taken as the point, where the approximating line crosses the axis. After each iteration, one of the previous boundary points is discarded in favour of the latest estimate of the root. When the derivative is not known, then two points x 1 and x 2 are needed to be chosen in the vicinity of x 0 . The next approximation of the root according to the Newton method is
Based on the secant line approach, the approximate values of f(x 0 ) and its derivative are then given by,
Substitute these values to get x 3 as:
In general, the guess value is calculated from the two previous points [
IWO method
IWO proposed by Mehrabian and Lucas (2006) and Saravanan et al. (2013) is a population-based algorithm. It is a derivative free modern heuristic algorithm that mimics the ecological behaviour of colonising weeds. By definition, weed is a plant grows where it is not needed. Weeds show very robust and adaptive nature which turns them to undesirable plant in agriculture.
There are four stages in the algorithm, they are:
Initialisation
A population of seed is being spread over the d-dimensional problem space with random positions.
Reproduction
Each member of the population is allowed to produce seeds depending on its own and the colony's lowest and highest fitness, such that, the number of seeds produced by a weed increases linearly from the lowest possible seed for a weed with worst fitness to the maximum number of seeds for a plant with best fitness. The procedure of seed production in a colony of weeds is given in Figure 1 . 
Spatial distribution
The generated seeds are being randomly scattered with a normal distribution over the d-dimensional search space with mean equal to zero, but with varying variance around the parent plant. This step ensures that the produced seeds will be generated around the parent weed, leading to a local search around each plant. However, the standard deviation (SD) of the random function is made to decrease over the iterations in the following manner. If σ max and σ min are the maximum and minimum SD and if 'n' is a real number, then the SD for a particular iteration is given as follows. 
where iter is the current iteration number and iter max equals the maximum number of iterations allowed. This alteration ensures that the probability of dropping a seed in a distant area decreases exponentially at each step, which results in grouping of fitter plants and elimination of inappropriate plants.
Competitive exclusion
If a plant leaves no offspring then it would not survive, otherwise they would take over the world. Some kind of competition between plants is needed for limiting maximum number of plants in a colony. Initially, the plants in a colony will reproduce fast and all the produced plants will be included in the colony, until the number of plants in the colony reaches a maximum value pop max . However, it is expected that by this time the fitter plants have reproduced more than undesirable plants. When all seeds have found their position in the search area, they are ranked together with their parents. Next, weeds with lower fitness are eliminated to reach maximum allowable population in a colony.
Implementation
There are three stages in the proposed hybrid LR-secant method-IWO to solve the PBUC.
UC by LR method
From equations (12), (13) powers and reserves are evaluated and then the UC is as follows:
• if K from equation (10) < 0, then the unit is ON and status is '1'
• if K from equation (10) > 0, then the unit is OFF and status is '0'.
The committed units may have excess spinning reserve. Therefore, de-commitment of units is necessary for getting more economical benefits. When there is excessive spinning reserve in hour 't', the following steps are used to de-commit the units.
Step 1 Identify the committed units.
Step 2 De-commit the last 'ON' state unit in the UC after incorporating the no-load cost and check the spinning reserve. If spinning reserve constraint is satisfied after de-commit the unit, then turn-OFF that unit.
Step 3 Repeat the step 2 and de-commit possible units without violating the spinning reserve constraint.
If any unit violates the minimum uptime and downtime constraints, these constraints are adjusted by the method mentioned in Chandram et al. (2011) . Finally, dual cost is calculated from the status of units and if the solution is feasible then for all committed units, ED sub-problem is solved using secant method. Also primal cost is calculated.
Secant method for economic dispatch
In economic dispatch problem, the power balance equation can be written as a function of lambda.
The following steps are involved to solve the ED problem:
Step 1 Fuel cost data.
Step 2 For all generators, the values of incremental fuel cost (λ) are evaluated at their minimum and maximum output powers.
Step 3 All λ values are arranged in ascending order and then minimum lambda (λ min ) and maximum lambda (λ max ) are selected.
Step 4 Output powers are evaluated at minimum and maximum λ for all generators. If output power of any generator violates the generator limits, the generator limits are set as follows: 1 if output power of any generator is less than the minimum limit, then output power is set to p i,min 2 if output power of any generator is greater than the maximum limit, then output power is set to p i,max .
Step 5 
From equation (16), evaluation of the next λ is found. At this λ, output powers are calculated by incorporating the generator constraints. Finally, the value of f(x k+1 ) is found. If f(x k+1 ) < 0.01 then the obtained λ is optimal λ. At this λ, output powers are evaluated. Otherwise, the following conditions are taken to find the next lambda.
0 ;
Step 5 is repeated until the optimal λ is found.
IWO for updating of Lambda
Here, IWO is used to update the Lagrange multipliers. At each hour, specific number of Lagrange multipliers is taken. The implementation steps are given as follows: 1 Lambda values are randomly generated between the specific values. Number of lambda values is taken as population. Selection of population is user defined and it can be selected based on the complexity of the problem.
2 Duality gap between the primal cost and dual cost for each lambda is taken as fitness function.
3 Maximum and minimum fitness values are found and seeds are generated between minimum and maximum values of seeds.
4 Now, the generated seeds are randomly scattered with normal distribution. The SD is calculated using equation (18).
5 Population is updated based on the existing population and normal distribution.
Complete procedure of the proposed method is given in Figure 2 .
Simulation results
The proposed hybrid algorithm has been implemented in MATLAB (8.0 version). It is tested on 3 units system to solve the PBUC. The proposed algorithm is also tested on mixed generator systems by considering 10 units and 20 units systems in order to prove the applicability of the algorithm. Parameters of IWO during the execution of the proposed method are given in Table 1 . Before selecting the parameters for IWO, the algorithm has been tested with different parameter values and finally, the following values are selected. 
Case 1
In this case, data of 3 units is considered. The fuel cost data of 3 units system is obtained from Attaviriyanupap et al. (2003) and given in Table 2 . Forecasted price at each hour for 3 units system is shown in Figure 3 . It can be seen from Figure 3 that the price at each hour is different. In order to test the applicability of the proposed algorithm, the same data (Attaviriyanupap et al., 2003) has been taken to compare the results of the proposed method with the existing LR-GA method. Output powers, reserve powers and profit of the recommended method at the reserve probability (r) of 0.005 are tabulated and provided in Table 4 .
Table 4
Simulation results of 3 units
Hour P1 (MW) P2 (MW) P3 (MW) R1 (MW) R2 (MW) R3 (MW)
Profit ( It is observed from Table 4 that the unit 3 is committed for all hours. When the forecasted price is increased, unit 2 is committed. For all 12 hours, Unit 1 is OFF. If Unit 1 is operated, then fuel cost is more than the revenue cost and hence profit may be reduced. Profit at each hour by the proposed algorithm is also shown in Figure 4 . It is observed from Figure 4 that the profits obtained by the proposed algorithm are higher at 6th and 7th hour. Profits of the proposed method at different reserve probabilities are tabulated in Table 5 . These results are compared with previously reported LR-GA method (Logenthiran and Srinivasan, 2011) and shown in Table 5 . Table 5 Comparison of results
Profit ($) S. no.
Reserve probability LR-GA (Logenthiran and Srinivasan, 2011 It is observed from Table 5 that the proposed method gives the better results than the existing LR-GA method at different reserve probabilities. The total time taken for the proposed method is 1.8 seconds. 
Case 2
In this case 10 units system is considered. The 10 units system data, forecasted power demands, reserve and price data are taken from Attaviriyanupap et al. (2003) . The output powers and reserves obtained by the proposed method are given in Table 6 and Table 7 . Table 6 Output powers (MW) of 10 units by the proposed method Table 7 Reserve powers of (MW) 10 units by the proposed method Forecasted power demand, power generated by the proposed method are given in Table 8 . Fuel cost ($), revenue cost ($), start-up cost ($), profit ($) are listed in Table 9 . Profits obtained by various methods and proposed method for 10 units systems are presented in Table 10 . Percentage of improvement for each method is the ratio of excess profit ($) of the proposed method compared to existing method to the profit of the proposed method. The percentage of improvement in terms of excess profit is varied between 2.1% to 6.26%. Table 10 shows that the suggested method is efficient method to get maximum profit. Also, the computational time to achieve the best solution from the proposed method is less.
Case 3
The proposed hybrid method has also been tested on 20 units system in order to test the applicability of the proposed method for large scale systems. The fuel cost data is obtained by duplicating the 10-unit system data.
Table 11
Output powers (MW) of 20 units by the proposed method Fuel cost ($), revenue cost ($), start-up cost ($), profit ($) of the proposed method are provided in Table 13 . 
Conclusions
A hybrid LR-secant-IWO has been proposed for solving PBUC problem in this paper. UC problem is solved by LR for a given forecasted power demand, reserve and electricity price, then economic dispatch problem for committed units is solved by Secant method and finally IWO is used to update the Lagrangian multipliers based on the duality gap between the primal cost and duality cost. The proposed method is tested on 
D t
Forecasted demand at hour t (MW).
F(P it ) Fuel cost function of generator i ($).
iter Iteration.
Iter max Maximum iterations for IWO.
L Lagrange function.
N Number of generator units.
n Nonlinear modulation index.
P it
Power generation of generator i at hour t (MW).
P imin
Minimum generation limit of generator i (MW).
P imax Maximum generation limit of generator i (MW).

P D,t Power demand (MW).
r Probability that the reserve is called and generated.
R it
Reserve generation of generator i at time t (MW).
RV
Revenue cost of GENCO ($).
RP t
Forecasted reserve price ($/MW) at hour t.
SR t Forecasted reserve at hour t (MW).
SP t
Forecasted spot price at hour t ($/MWh).
ST
Start-up cost ($).
TC
Total fuel cost ($).
T Number of hours.
X it ON/OFF status of generator i at hour t.
σ initial Initial SD.
σ final Final SD.
λ t Lagrange multiplier.
